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Inactivation of L-Type Ca Channels in Embryonic Chick Ventricle Cells:
Dependence on the Cytoskeletal Agents Colchicine and Taxol
Aurelio Galli and Louis J. DeFelice
Department of Anatomy and Cell Biology, Emory University School of Medicine, Atlanta, Georgia 30322 USA
ABSTRACT This article shows that colchicine and taxol strongly influence the kinetics of L-type Ca channels in intact cardiac
cells, and it suggests a mechanism for this action. It is known that colchicine disassociates microtubules into tubulin, and that
taxol stabilizes microtubules. We have found that colchicine increases the probability that Ca channels are in the closed state
and that taxol increases the probability they are in the open state. Moreover, taxol lengthens the mean open time of Ca channels.
In this regard, taxol is similar to Bay-K 8644; however, Bay K works on inside-out patches, but taxol does not. Neither colchicine
nor taxol alters the number of Ca channels in a patch. We have quantified these results as follows. It is known that L-type channels
in embryonic chick heart ventricle cells have voltage- and current-dependent inactivation. In 10 mM Ba, channel conductance
is linear in the range -10 to 20 mV. The conductance is 12 ± 1 pS, and the extrapolated reversal potential is 42 ± 2 mV (n = 3).
In cell-attached patches, inactivation depends on the number of channels. One channel (holding at -80 mV and stepping to
0 mV for 500 ms) shows virtually no inactivation. However, three channels inactivate with a time constant of 360 20 ms
(n = 6). In similar patches, colchicine (80 pM for 15 min) decreases the inactivation time constant to 162 ± 33 ms (n = 4) and
taxol (50 pM for 10 min) virtually abolishes inactivation (time constant 812 ± 265 ms (n = 4)). We suggest that colchicine
and taxol affect Ca channels through their action on the cytoskeleton, which in turn regulates the effective concentration of
inactivating ions near the mouths of channels. An alternate explanation is that free tubulin interacts directly with Ca channels.
INTRODUCTION
Ca ions inactivate Ca channels and, by this mechanism, they
can regulate their own kinetics. Not only membrane voltage
and current, but also the proximity of channels and the con-
centration of ions figure into this self-regulation (Mazzanti
et al., 1991; Imredy and Yue, 1992; Risso and DeFelice,
1993). Although the phenomena are clear, the mechanisms
behind Ca-induced inactivation are poorly understood. Some
data support the direct binding of Ca ions to Ca channels
(Standen and Stanfield, 1982; Imredy and Yue, 1994). Other
experiments favor Ca channel phosphorylation (Armstrong
and Eckert, 1987; Armstrong et al., 1991). In 1981, Fukuda
et al. obtained indirect evidence that the cytoskeleton may
regulate Ca channel kinetics. They showed that colchicine
caused a reduction of the upstroke velocity of action poten-
tials and, from these data, they inferred that Ca channels
interact with microtubules. Johnson and Byerly (1993) have
now provided direct evidence that microtubules are impli-
cated in the inactivation of snail neuron Ca currents. These
authors show that cytoskeletal disrupters and stabilizers af-
fect the rundown of Ca channels. They interpret their results
as possibly indicative of an effect on inactivation, because
common mechanisms are believed to underlie both rundown
and inactivation. For the purposes of our discussion, we will
refer to these phenomena as inactivation. Johnson and Byerly
also found an influence of microfilament agents, such as
cytochalasin and phallodin. We have not considered micro-
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filament agents in this study. Johnson and Byerly have meas-
ured the effects of microtubule agents on the kinetics of Ca
currents in detached macropatches. We have followed up on
these experiments by recording the influence of microtubule-
disrupting and microtubule-stabilizing agents on single Ca
channels in cell-attached and cell-detached patches.
In physiological Ca, free internal Ca promotes the inac-
tivation of whole-cell Ca currents. Microscopic domains un-
der the membrane could facilitate this current-induced in-
activation (Chad and Eckert, 1984). Yue et al. (1990) have
shown that individual channels can Ca-inactivate in 160mM
Ca. Lux and Brown (1984) reported no such inactivation in
40 mM Ca. Thus, it remains controversial whether physi-
ological Ca can inactivate single channels (Galli et al., 1994).
How can whole-cell currents have a property that individual
channels may not have? We have previously suggested that
isolated channels experience inadequate levels of free Ca to
self-inactivate (except in very high Ca). Clustered channels,
on the other hand, may sense transiently high levels even in
physiological Ca. Recent data from Imredy and Yue (1992)
support this model. Channel clustering could explain the diverse
kinetics of L-type Ca channels in different solutions and in tis-
sues with different current densities (DeFelice, 1993).
Ba ions also induce current-dependent inactivation of
L-type Ca channels (Kasai and Aosaki, 1988; Hirano et al.,
1989; Bean and Rios 1989). However, Ba is intrinsically less
effective than Ca. Although the phenomena are clear, the
mechanism of Ca- or Ba-mediated inactivation remains un-
known. How do Ca ions or Ba ions interact with the channel
to accelerate the declining phase of the current? Standen and
Stanfield (1982) have suggested that the mechanism requires
"Ca binding to a site located at the inner membrane surface
and forming a part of the Ca channel." Recently, Imredy and
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Yue (1994) have obtained data that support this view. We
have previously suggested the buildup of Ca near the inner
mouths of the channels as a mechanism. One consequence
of such a buildup would be a decrease in driving force, which
we evoked to explain Ca currents in beating heart cells (Risso
and DeFelice, 1993). The occasional variations that occur in
single-channel currents at constant voltage may reflect
changes in reversal potential, but these have not been studied
methodically. In any case, such variations seem insufficient
to explain the full effectiveness of Ca-mediated inactivation.
Other mechanisms that might contribute to Ca dynamics un-
der the membrane include cytosol buffering, electrostatic re-
pulsion, passive diffusion, and re-absorption and release to
and from the sarcoplasmic reticulum. Regardless of the
mechanism, we assume that a highly localized, transient, and
inhomogeneous level of Ca is the crucial parameter of in-
activation. The recent paper of Johnson and Byerly (1993)
provides an important clue about how the cell may regulate
these local concentrations. They have shown that cytoskele-
ton disrupters increase Ca channel inactivation, whereas
cytoskeleton stabilizers decrease inactivation. Johnson and
Byerly worked on macropatches ripped off snail neurons.
They used 4 mM external Ba as the charge carrier, and their
macroscopic currents (-200 pA at 0 mV) consisted of thou-
sands of channels. Their experiments leave open the question
of whether a change in the kinetics of individual channels or
a change in the number of total channels underlies the mecha-
nism of cytoskeletal agents. We have repeated these experi-
ments on cell-attached patches and on inside-out patches
from cardiac cells, where we have measured the influence of
colchicine and taxol on single channels. The initial number of
channels in the patch is important, because it determines the
magnitude of the current-induced inactivation. Our results con-
firm those of Johnson and Byerly. In addition, we show that the
colchicine and taxol do not alter the number of channels. Rather,
these drugs alter the probability of finding the channel open or
closed. In particular, taxol opens channels rather like Bay-K
8644, but we show that taxol must work by a different mecha-
nism that probably involves the cytoskeleton.
MATERIALS AND METHODS
Ventricle cells were prepared by enzymatic digestion of 7-day chick em-
bryos and kept in tissue culture medium for 12-24 h (Fujii et al. 1988). Just
before the experiments, which were done at room temperature, we washed
the cells with bath solution. The composition of the bath solution was (mM):
130 Na, 1.3 K, 1.5 Ca, 0.5 Mg, 5 dextrose, 10 HEPES, adjusted to pH 7.35
and 300 mOsm; all anions are Cl except 0.5 S04 and 1.3 P04. The cell-
attached electrode contained: 10 Ba, 110 Na, 1.3 K, 0.5 Mg, 5 EGTA, 0.01
TTX, 5 TEA, 10 4-AP, 10 HEPES, 5 dextrose, adjusted to pH 7.35 and 270
mOsm. Ba increases the conductance of L-type Ca channels and reduces
contamination by inward-rectifier channels, although it does not eliminate
them. We rejected patches that contain inward-rectifier channels. The ex-
ternal solution was modified by adding 10OX concentrations of colchicine
or taxol to the bath to reach a final concentration. We used high concen-
trations administered for short periods of time because of the following
considerations. Racker et al. (1986) showed that Ca channel blockers in-
crease the effectiveness of taxol as an anti-tumor agent in both taxol-resistant
cells and in taxol-sensitive cells. They measured this toxicity in Chinese
of 4 days. Liebmann et al. (1993) showed that taxol is effective against
human tumor cell lines at much lower concentrations, between 2 and 20 nM.
However, these doses were also administered over long periods (24 h). It
is perhaps of interest to note that the serum levels of taxol used clinically
can be as high as 10 ,uM after continuous intravenous infusions (Wiernik
et al., 1987). Paradoxically, 10 ,iM taxol decreased effectiveness during
chronic exposures in human cell lines (Liebmann et al. 1993). Evidently,
there is a connection between resistance to taxol and the flux of Ca ions.
However, the mechanisms behind this link and the dose response of Ca flux
to taxol are largely unknown. Because it is difficult to obtain reliable single-
channel data over a long period, we have elected to use a high concentration
of taxol for relatively short times. We have used 50 ,uM taxol and measured
the effects 8 min after application. It would clearly be of interest to study
the dose response taking into account concentration and duration. To de-
termine the full significance of our results, we await these data. Preliminary
unpublished data from our laboratory indicate that the interbeat intervals of
heart cell aggregates depend monotonically on the dose of taxol (measured
at 3 min between 1 and 50 ,uM). We chose a similar procedure for colchicine.
In our preparation, the effect of colchicine is irreversible. As a rule, these drugs
elicit stable responses 5-10 min after application. To compare different experi-
ments, we adopted standard concentrations and times for each drug.
Patch electrodes were made from borosilicate glass (Corning 7052) using
a programmable puller (Sachs-Flaming PC-84, Sutter Instruments). The tips
were coated with Sylgard (Dow Corning) and fire-polished to <1 Am in-
ternal diameter (-10 megohms). The area isolated with these electrodes is
about 5 pum2. We selected patches with extremely high leak resistance (>250
gigohms). Individual cells are about 10-13 ,um in diameter and have a
resting conductance of 1-10 gigohms. We applied holding potentials for 4
s between test potentials. We used an Axopatch 200A band-limited at 1000
Hz and subtracted leak and capacitive transients from all traces. Amplitude
histograms were calculated by sampling the data every 0.6 ms. We waited
for specified lengths of time before making a comparison, and we used each
patch as its own control. To quantify the results, we fit the average currents
to single exponential. We found it necessary to use double exponentials to
fit the open-time histograms. To measure the absolute potential in cell-
attached patches, we broke the patch after each experiment and recorded the
voltage immediately after rupture. In some experiments, we replaced Na
with K to null the resting potential. There was no difference in the results
using either method. We stored the data on a VCR and analyzed them later
on a Nicolet 4094 oscilloscope and an IBM-AT.
RESULTS
We have previously studied dihydropyridine sensitivity,
single-channel conductance, and voltage- and current-
dependent inactivation of L-type Ca channels in embryonic
chick heart cells (Mazzanti and DeFelice, 1990; Mazzanti
et al. 1991; Risso and DeFelice, 1993). In these papers, we
used various concentrations of Ca and Ba and studied chan-
nel kinetics in both beating and nonbeating cells. L-type Ca
channels have characteristic properties that identify them,
and the present experiments rely upon these earlier results.
Here we use cell-attached and inside-out patches with 10mM
Ba in the pipette and either Bay K or cytoskeletal agents in
the bath. The formation of patches has no apparent effect on
cardiac cells, which continue to beat spontaneously for long
periods of time with an attached electrode. In 7-day chick
ventricle, beating and nonbeating cells are both present. Non-
beating cells start beating, and beating cells may in turn stop
beating after we patch them. Regardless of the initial state,
we present data here only from nonbeating cells.
To establish a baseline for our present experiments, Fig. 1
illustrates the essential kinetics and the current-voltage char-
hamster ovary (CHO) cells by chronic exposure to 2 ,M taxol over a period
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cell-attached patches. At 0 mV (absolute membrane poten-
tial), these Ca channels have brief openings that occur uni-
formly throughout the test pulse (Fig. 1 A). The voltage pro-
tocol appears above each trace. Test pulses last 500 ms and
were separated by 5 s intervals. At 10 mV (Fig. 1 B) the
channels have longer openings that occur slightly more fre-
quently at the beginning ofthe step. We have emphasized this
feature with selected traces. This pattern becomes more evi-
dent at 20 mV (Fig. 1 C). The amplitude histograms shown
to the side were obtained from concatenated 500 ms traces
(see legend). The changes in the peak heights indicate that
open-channel probability increases with voltage, in agree-
ment with our previous results in 20mM Ba (Mazzanti et al.,
1991). The separations between peaks give the i(V) rela-
tionship, which in 10mM Ba has a slope of 12 pS (Fig. 1 D).
Ba currents have a more pronounced inactivation phase
with multiple channels in the patch; this inactivation is prac-
tically absent with only one channel in the patch (Fig. 2, A
and B). The inactivation varies from experiment to experi-
ment, even in multi-channel patches that have the same num-
bers of channels. We think this may result from the relative
proximity of channels. However, a given patch can remain
stable for up to 30 min in control experiments. We have
adopted the protocol of recording for several min and com-
paring the average currents at the beginning and end of the
records. Considering this procedure, Fig. 2 shows that colch-
icine and taxol added to the bath dramatically alter channel
kinetics. Fig. 2 B is a typical control current in a three-
channel patch with 10 mM Ba in the pipette. Fig. 2 C is the
same patch 15 min after adding colchicine (final concentra-
tion, 80 ,uM). Colchicine reduces the frequency of late open-
ings during the 500 ms test pulse. We have repeated this
experiment on four patches that were selected to have similar
kinetics to Fig. 2 B. The average decay constant (T) of these
controls was 360 ms, which is the center line through the
data. Colchicine enhances this inactivation phase, leading to
an average decay constant after 15 min of 162 ms (Fig. 2 C).
In a protocol similar to the colchicine experiments, taxol
diminishes the control inactivation. Again, we selected four
patches that were quantitatively similar to Fig. 2 B, with an
average decay constant in this case of 350 ms. Opposite to
the effect of colchicine, taxol increases the number of late
openings leading to a mean decay constant of 812 ms. The
smooth lines through the points are exponential fits to the
data, including the error in T. Fig. 3 compares the results from
eight different cells.
FIGURE 1 Current-voltage characteristics of L-type Ca channels in 10
mM Ba and cell-attached patches. A-C show Ca channel openings from
embryonic chick ventricle myocytes in the cell-attached patch configuration
in 10mM Ba at 0, 10, and 20 mV 500 ms test potentials. Voltages represent
the absolute membrane potential. In this figure and in all subsequent figures,
the single-channel data are displayed during the 500 ms voltage test pulse,
bracketed by a 5 s, -80 mV holding potential. The voltage protocols are
indicated above each trace. To the right of each trace is the amplitude his-
togram from 7.5 s of data at the test potential. D shows the current-voltage
relationship acquired from similar histograms from three different cells. The
experiments were done at room temperature. Data were sampled at 5000 Hz
and filtered at 1000 Hz. The conductance of the channel is 12 pS, and the
extrapolated reversal potential is 42 mV.
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FIGURE 2 Channel inactivation in one-channel and multi-channel cell-attached patches. Current traces from a patch containing either one channel (A)
or three channels (B). The beginning and end of the voltage step are indicated by the average traces. Amplitude histograms (not shown) constructed from
7.5 s of data were used to determine the number of channels. The inward currents were elicited by voltage steps to 0 mV. The averages are from 13 consecutive
records. We used one-third of total traces at the beginning, during, and at the end of the control period to test for stability. If the initial and final histograms
did not change, the patches were judged stable. The averages are not from arbitrarily selected traces; rather, they are from the last set of consecutive traces
in the control and the first set in the test. A and B show that inactivation occurs in patches that contain multiple channels, in agreement with Mazzanti et al.
(1991). B is from the last group of 13 traces in the control set. C shows the same patch as shown in B but 15 min after adding 80 ,uM colchicine to the
bath. The average is from the first 13 consecutive traces at 15 min. D shows a patch with a control current similar to B (not shown) after adding taxol and
waiting 10 min. In this case, the average is from 10 consecutive traces. The smooth lines through the average traces in B-D are exponential fits. We used
the formula I(t) = Aexp(-t/T). In eight controls, A = -0.36 ± 0.036 pA and T = 360 + 20 ms. In four colchicine experiments, A = -0.36 ± 0.037 pA
and T = 162 + 33 ms. In four taxol experiments, A = -0.35 ± 0.05 pA and T = 812 ± 265 ms.
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FIGURE 3 Effect of colchicine and taxol on inactivation time constant
T in multi-channel cell-attached patches. Comparison of control patches
(n = 6) and test patches 15 min after adding 80 ,uM colchicine (n = 4) and
8 min after adding 50 ,uM taxol (n = 4). For these comparisons, patches
were selected with three channels.
Does the change in late openings reflect a change in the
number of channels in the patch? We already have an indi-
cation that number of channels does not change, because the
amplitude of the initial current is the same as the controls.
To answer the question directly, we measured amplitude his-
tograms. Fig. 4 A shows a control patch containing three
channels. Initially, the channels are essentially in the open
state (compare the peaks for the closed and open states). We
recorded control currents for 2.5 min and constructed his-
tograms from consecutive traces. We compared histograms
composed of 13 traces (-1/3 of the total) at the beginning
of the control period and throughout the 2.5 min. Fig. 4 A
shows three sample traces and a representative control his-
togram. We then add colchicine to the bath, wait 15 min, and
again construct histograms from 13 consecutive traces over
a period of 2.5 min. Fig. 4 B shows three consecutive traces
and a representative colchicine histogram. We see that the
number of channels in the patch is the same before and after
colchicine. However, the open-channel probabilities have
shifted strongly toward the closed state. We have verified this
result in four separate experiments with multi-channel
patches. Regardless of whether the channels were primarily
open or primarily closed initially, colchicine increases the
probability of finding channels in the closed state without
changing the number of channels.
Fig. 5 repeats this protocol for taxol. The patch again con-
tains three channels. We record the control traces for 2 min
and construct histograms over this period composed of 10
consecutive traces. Fig. 5 A shows three traces and a rep-
resentative control histogram. After adding taxol to the bath
and waiting 10 min, we constructed new histograms as we
did in Fig. 4. Fig. 5 B shows a representative taxol histogram.
We have repeated this experiment in four cells. Taxol always
shifts the channels toward the open states, but number of
channels remains the same. Recall that kinetics may vary
from patch to patch. Thus, Figs. 4 and 5 contrast two situ-
ations where the closed state is initially under populated (and
we added colchicine) or overpopulated (and we added taxol).
U,
6
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FIGURE 4 Effect of colchicine on amplitude histograms in multi-
channel cell-attached patches. A shows a control histogram from 13
consecutive and concatenated traces at 0 mV. From the distribution of
peaks, the patch contains at least three channels. Three sample traces,
7-9, are shown below the control histogram. B is the same patch 15 min
after adding colchicine to the bath to obtain a final concentration of 80
,uM. The effect of colchicine is to increase the time the channel spends
in the closed state. The number of channels in the patch remains un-
changed. Three sequential colchicine traces, 196-198, are shown below
the colchicine histogram.
200 msec
FIGURE 5 Effect of taxol on amplitude histogram in multi-channel, cell-
attached patches. A shows the control histogram from 10 consecutive and
concatenated traces at 0 mV. The patch contains at least three channels.
Sample traces 10-12 are shown below the control histogram. B is the same
experiment 10 min after adding taxol to the bath to reach a final concen-
tration of 50 ,uaM taxol. Taxol decreases the time spent in the closed state.
The number of channels in the patch remains the same. Three sequential
taxol traces, 148-150, are shown below the taxol histogram.
We have repeated these experiments under opposite condi-
tions. Even if the initial state of the patch is such that the
closed state dominates, as in Fig. 5, the addition of colchicine
increases the population of the closed state. Likewise, even
though the initial condition should have few closed states, as
in Fig. 4, the addition of taxol further diminishes the number
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taxol 50pM
1 0 minutes
10
9
CL
2300 Biophysical Journal
Ca Channel Inactivation and the Cytoskeleton
of closed states. The qualitative effects of colchicine and
taxol therefore do not depend on the initial distribution of
open and closed states.
Does taxol work by increasing the number of openings or
by increasing the average open time? To answer this ques-
tion, we selected patches containing one channel for which
it is easy to calculate the mean open time. Fig. 6 shows that
at V = 20 mV, the channel flickers rapidly between the open
and closed states. We calculated the open-time histograms by
first fitting the raw amplitude distributions to gaussian func-
tions. These fits provided a convenient measure, the SD, that
we then used in an iterative procedure to define a transition.
After constructing by this method a table of open times, we
fit their distribution to a function containing two exponen-
tials. After the addition of taxol, the slow time constant (TS,.)
increases by approximately 50%. A much more dramatic
shift occurs in the fraction of the population under the slow
exponential. From the expression
A exp(-t/Tf.,) + B exp(-t/Tslow)
we find from Fig. 6 that B/(A + B) = 0.007 in the control,
whereas B/(A + B) = 0.09 after adding taxol. These data
imply that once open, the channels stay open longer in the
presence of taxol, as is evident from the raw traces. This
action of taxol is similar to the action of Bay K; however, we
will show below that a significant difference exists between
the mechanism of Bay K and the mechanism of taxol.
Does taxol work directly or indirectly on Ca channels? Up
to this point, all of the data have come from cell-attached
patches. To test for direct versus indirect action, we added
taxol to the inside surface of cell-detached patches. We have
already observed that in 7-day chick ventricle, unstimulated
L-type Ca channels in cell-detached patches exhibit no run-
down for up to 10 min (Mazzanti et al., 1991). This is in
contrd
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contrast to isoprenaline-stimulated channels that are rescued
from rundown by phosphorylation events (Ono and Fozzard,
1992). Fig. 7 shows that the presence of an effective dose of
taxol (50 ,uM, 8 min) has no appreciable effect on multi-
channel patches once they are removed from the cell. The
effect of taxol on cell-attached patches (Fig. 6) is similar to
the effect of Bay K on Ca channels (Fig. 8). Bay K increases
the number of late openings and the mean open time, and it
virtually eliminates inactivation in the multi-channel
patches. At V = 0 mV, Ca channels flicker rapidly between
the open and closed states, with a prevalence toward the closed
state. The left panel shows an amplitude histogram for a control
patch containing one channel. The middle panel shows that the
channel does not respond to an exposure to 50 ,uM taxol for 5
min. However, the right panel shows that 2 ,uM Bay K evokes
an immediate response in the same patch. Thus, under conditions
in which it has an effect in cell-attached patches, taxol has no
effect in inside-out patches. However, these patches respond to
Bay K as expected.
DISCUSSION
We have previously modeled the current-dependent block of
open channels. In that model, each channel closes with a rate
that is proportional to the current through a number of chan-
nels. The same model applies to Ca and to Ba, but Ca is
intrinsically more effective than Ba. Although the phenom-
enon is well studied, the mechanism of Ca- or Ba-induced
inactivation remains unclear. Current-mediated inactivation
does not occur in lipid bilayers (Rosenburg et al., 1988).
Furthermore, although Ca-induced inactivation commonly
occurs in a variety of cells, it does so with great variability
that has not been explained. This leads us to believe that
restricted and heterogeneous spaces near the membrane, as
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FIGURE 6 Effect of taxol on open time in one-channel, cell-attached patches. The panel on the left shows a control patch at a test potential of 20 mV.
The panel on the right shows the same patch 6 min after adding taxol to the bath to a final concentration of25 ,uM taxol. In each case, the open-time distributions
from 5 s of data were fit to two exponentials using a Marquardt's nonlinear, least-squares, regressive curve-fitting routine: I(t) = Aexp(-t/Tf.,) + Bexp-(-tI1/T.,). For the controls, A = 2049 events and Tf., = 0.019 ms, B = 14.17 events and Tow = 5.88 ms. After taxol, A = 62 events and Tfrt = 0.05 ms,
B = 6.06 events and Ts10o = 8.92 s. We have repeated this experiment for three patches with the same qualitative result, approximately 50% increase
in T.,.,, and 10-fold increase in the fraction B/(A + B).
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FIGURE 7 Effect of taxol on inactivation in multi-channel, cell-detached patches. The panel on the left is a control inside-out patch repeatedly challenged
with a test potential of 0 mV. The patch electrode contained the standard 10 mM Ba solution, and the bath contained the intercellular solution (normally
used in the whole-cell pipette). Two sample traces are shown above the average of 10 traces. On the right appears the same patch 1 and 8 min after adding
taxol to the bath to raise the final concentration to 50 ,um. Taxol has no effect on multi-channel patches in the inside-out configuration. We have reproduced
this experiment 3 times, in patches with approximately the same average currents. We added Bay K (final concentration, 2 ,uM) to the bath in five similar
experiments (three after the addition of taxol, and two without taxol). In these five Bay K experiments, there was a dramatic increase in current duration
(not shown), indicating that the Ca channels in the inside-out patch were able to respond. See Fig. 8.
FIGURE 8 Effect of taxol on one
channel in cell-detached patches. The
panel on the left is a single-channel
control inside-out patch repeatedly
challenged with a test potential of 0
mV. A sample trace is shown below
the amplitude histogram average,
made from 5 s of data. In the middle
appears the same inside-out patch 5
min after adding taxol to the bath to
raise the concentration to 50 ,uM.
Taxol has no effect on single-channel
patches in the inside-out configura-
tion. However, after adding Bay K to
the bath (final concentration 2 jim),
there is a dramatic increase in channel
open time. Thus, Ca channels in
inside-out patches respond to Bay K
but not taxol.
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well as transient local buffering within the cell, may dictate
the dynamics of current-induced inactivation. In the Johnson
and Byerly inside-out macropatches, presumably enough cy-
toplasm came away with the membrane to mimic the native
situation. Nevertheless, it seemed important to repeat their
experiments on intact cells, and to provide additional infor-
mation concerning possible mechanisms by comparing chan-
nel kinetics in cell-attached and cell-detached patches.
We have shown that, in the cell-attached configuration,
Ca channel closing depends on the presence of taxol or
colchicine in the bath. The drugs are lipophylic and pre-
sumably penetrate the cell and act on the inner surface. Our
data show that neither drug alters the number of channels in
the patch. Colchicine reduces the probability of finding the
channel in the open state, and taxol increases the probability.
Furthermore, in single-channel patches we have shown that
Inside-out
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taxol increases the average open time. Similar data are dif-
ficult to obtain in colchicine, because in 10 mM Ba the open-
ings are already rare and require multi-channel patches to get
reliable data. We are led to several possibilities for a mecha-
nism of action:
(1) Taxol or colchicine could affect channels directly. One
way this could occur is if the drugs alter voltage-gated in-
activation. Several lines of investigation suggest that
voltage-gated inactivation and current-dependent inactiva-
tion work by separate mechanisms (Hadley and Lederer,
1991; Shirokov et al., 1993). Our data support this view.
Fig. 2 compares a single-channel patches with a multi-
channel patches at a voltage where single channels barely
inactivate. That is, at V = 0 mV in 10 mM Ba, voltage-gated
inactivation is minimal. Inactivation in multi-channel
patches under these conditions is most likely induced by
shared ions from current passing through several channels.
Because colchicine and taxol affect the inactivation pattern
in multi-channel patches at V = 0, we conclude that the drugs
probably modify current-induced inactivation, not voltage-
gated inactivation. Another way that direct interactions could
occur is if the drugs bind to the channel. Taxol on an indi-
vidual channel held at V = 20 mV prolongs its open time
(Fig. 6), reminiscent of Bay K. We know that Bay K binds
to the channel and works on inside-out patches. If taxol binds
Ca channels, it should work on inside-out patches. Figs. 7 and
8 show that under conditions that are effective in cell-
attached patches, taxol is totally ineffective in cell-detached
patches. Thus, we conclude that although taxol and Bay K
have similar effects, they must work by different mecha-
nisms. Bay K binds to the channel, but taxol does not. Direct
evidence for this conclusion is still lacking.
(2) Taxol and colchicine could work indirectly by assem-
bling and disassembling microtubules, which could in turn
interact with an affiliated regulatory protein. It is known that
colchicine enhances adenylate cyclase activity, and Rasenick
et al. (1981) have suggested that the microtubules anchor
G-proteins that regulate the cyclase. In their model, a dis-
ruption of microtubules would allow the lateral diffusion of
G-proteins. This would activate the cyclase and phospho-
rylate the channels. The drugs could be involved in phos-
phorylation events by other mechanisms. Direct evidence
is lacking that Ca channels are actually phosphorylated
(Hartzell and Duchatelle-Gourdon, 1992). Regardless, it is
clear that cAMP-dependent phosphorylation events promote
channel openings (Reuter, 1983; Bean et al., 1984;
Trautwein, 1984; Trautwein and Pelzer, 1985; Hartzell,
1988; Lacerda et al., 1988; Brown and Birnbaumer, 1990;
Hartzell et al., 1991). Yue et al. (1990) interpret
isoproterenol-induced increases in Ca current as an augmen-
tation of long-lasting openings. This interpretation is sup-
ported by Ono and Fozzard (1992, 1993). One possibility,
then, is that taxol phosphorylates Ca channels. Because tu-
bulin is a soluble G-protein, it is conceivable that taxol upsets
the GTP-tubulin/GDP-tubulin balance resulting in the stimu-
lation of Ca channels. Because stimulation by isoproterenol
does not alter the Ca channel gating charge (Josephson and
Sperelakis, 1990), it has been suggested that phosphorylation
increases the number of active channels. Dephosphorylation
has been suggested as the mechanism of rundown, the dis-
appearance of active channels in cell-detached patches.
However, patches may have different average open times. In
these experiments, the cells were not stimulated by isopro-
teronol or other agents in the cAMP pathway. We postulated
that variable basal phosphorylation could account for the
different time constants and that removing the patch would
have no effect on this basal phosphorylation. In cAMP-
stimulated preparations where rundown does occur, MgATP
and the catalytic subunit of the cAMP-dependent protein ki-
nase restores channel activity (Ono and Fozzard, 1992). Al-
though the mechanisms are unknown, these data strongly
suggest that cAMP-dependent phosphorylation events stimu-
late Ca channels, and Ca channel rundown is associated with
dephosphorylation. If colchicine or taxol directly or indi-
rectly modulates Ca channels by phosphorylation events, we
might expect a change in the number of active channels.
However, the number of channels in the patch remains con-
stant. If phosphorylation is the mechanism through which
colchicine and taxol work, it must alter kinetics and not chan-
nel number. We think it is unlikely that indirect phospho-
rylation mechanisms explain our results. Johnson and Byerly
(1993) found no evidence for a phosphorylation mechanism.
They concluded that the inactivation (or rundown) associated
with the decline of ATP is actually an indirect effect medi-
ated by the cytoskeleton.
(3) Colchicine and taxol could alter the local concentration
of blocking ions. There are at least two possibilities. If mi-
crotubules help keep channels apart, their disruption by
colchicine would elevate the effective number of shared ions
and increase inactivation. Likewise, taxol would increase
channel separation and decrease inactivation. This mecha-
nism would require some direct mechanical connection be-
tween microtubules and channels. A related hypothesis is
local buffering. If microtubules (but not tubulin) buffer the
ions responsible for inactivation, local buildup would be
greater in colchicine and lesser in taxol. Either of these
mechanisms, channel separation or local buffering, would
explain the observed effects of colchicine and taxol on Ca
channel inactivation. A third possibility is that the microtu-
bule network impedes the diffusion of ions away from the
channels. This seems to go against our hypothesis, because
taxol would promote the retention of ions near the channels
and therefore inactivation. In multi-channel patches, we
reach the opposite conclusion. Diminished communication
between channels would imply less chance to share ions.
All such mechanisms would seem to require intact cells to
function. Unlike the macropatches of Johnson and Byerly
(1993), our inside-out patches probably retain few cytoplas-
mic structures. We have taken the lack of effect on cell-
detached patches as evidence for a role of the cytoskeleton.
Other cell structures could conceivably be responsible. We
cannot rule out the possibility that colchicine releases
inter-nal stores of Ca, and that released ions inactivate the
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channels. Such a mechanism would be analogous to the in-
activation of Ca channels caused by IP3 (Komori and Bolton,
1991). However, the effect of taxol would be difficult to
explain. In summary, we think that microtubules may act as
a buffer for the ions that come through the channels. The
structure of the cytoskeleton near the mouths of the channels
could contribute not only to buffering but also to compart-
mentalization. Alteration of this micro-environment could ex-
plain the effects of colchicine and taxol on Ca channel inacti-
vation. A resolution of the larger question, what is the inherent
mechanism of Ca-mediated inactivation, awaits measurement of
the local Ca concentration on a fast time scale.
We wish to thank Ron Abercrombie and Harish Joshi for reading the manu-
script and making useful suggestions. We also thank B. J. Duke for preparing
the solutions and the cultures and W. N. Goolsby and Alex Daniels for
supporting the electronics and computers.
This work was funded by National Institutes of Health grant HL-27385.
REFERENCES
Armstrong, D. L., and R. Eckert. 1987. Voltage-activated Ca channels that
must be phosphorylated to respond to membrane depolarization. Proc.
Natl. Acad. Sci. USA. 84:2518-2522.
Armstrong, D. L., M. F. Rossier, A. D. Shcherbatko, and R. E. White. 1991.
Enzymatic gating of voltage-gated Ca channels. Ann. N. Y. Acad. Sci.
635:26-34.
Bean, B., M. C. Nowycky, and R. W. Tsien. 1984. 03-adrenergic modulation
of Ca channels in frog ventricular heart cells. Nature. 307:371-375.
Bean, B. P., and E. Rios. 1989. Nonlinear charge movement in mammalian
cardiac ventricle cells. J. Gen. Physiol. 94:65-93.
Brown, A. M., and L. Birnbaumer. 1990. Ionic channels and their regulation
by G protein subunits. Ann. Rev. Physiol. 52:197-213.
Chad, J. E., and R. Eckert. 1984. Ca domains associated with individual
currents can account for anomalous voltage relations of Ca-dependent
responses. Biophys. J. 45:993-999.
DeFelice, L. J. 1993. Molecular biology and biophysics of Ca channels: a
hypothesis concerning oligomeric structure, single channel density, and
macroscopic current. J. Membr. Biol. 133:191-202.
Fujii, S., R. K. Ayer, and R. L. DeHaan. 1988. Development of the fast
Na current in early embryonic chick heart cells. J. Membr. Bio. 101:
209-223.
Fukuda, J., M. Kameyama, and K. Yamaguchi. 1981. Breakdown of cyto-
skeletal filaments selectively reduces Na and Ca spikes in cultured mam-
malian neurons. Nature. 294:82-85.
Galli, A., A. Ferroni, L. Bertollini, and M. Mazzanti. 1994. Extracellular Ca
inactivates single Ca channels in rat sensory neurons. J. Physiol. 477:
15-26.
Hadley, R. W., and W. J. Lederer. 1991. Ca and voltage inactivate Ca
channels in guinea-pig ventricular myocytes through independent mecha-
nisms. J. Physiol. 44:257-268.
Hartzell, H. C. 1988. Regulation of cardiac ion channels by catecholamines,
acetylcholine and second messenger systems. Prog. Biophys. Mol. Biol.
52:165-247.
Hartzell, H. C., and I. Duchatelle-Gourdon. 1992. Structure and neural
modulation of cardiac Ca channels. J. Cardiovasc. Electrophysiol. 3:
567-578.
Hartzell, H. C., P.-F. Mery, R. Fischmeister, and G. Szabo. 1991. Sympa-
thetic regulation of cardiac Ca current is due exclusively to cAMP-
dependent phosphorylation. Nature. 351:573-576.
Hirano, Y., C. T. January, and H. A. Fozzard. 1989. Characteristics of L and
T Ca currents in canine cardiac Purkinje cells. Am. J. Physiol. 256:
H1478-H1492.
Imredy, J. P., and D. T. Yue. 1992. Submicroscopic Ca diffusion mediates
inhibitory coupling between individual Ca channels. Neuron. 9:197-207.
Imredy, J. P., and D. T. Yue. 1994. Mechanism of Ca-sensitive inactivation
of L-type Ca channels. Neuron. 12:1301-1318.
Johnson, B. D., and L. Byerly. 1993. A cytoskeletal mechanism for Ca
metabolic dependence and inactivation by intracellular Ca. Neuron. 10:
797-804.
Josephson, I., and N. Sperelakis. 1990. Fast activation of cardiac Ca channel
gating charge by the dihydropyridine agonist, BAY K 8644. Biophys. J.
58:1307-1311.
Kasai, H., and T. Aosaki. 1988. Divalent cation dependent inactivation of
the high-voltage-activated Ca channel current in chick sensory neurons.
Pflugers Arch. 411:695-697.
Komori, S., and T. B. Bolton. 1991. Inositol trisphosphate releases stored
Ca to block voltage-dependent Ca channels in single smooth muscle cells.
Pflugers Arch. 418:437-441.
Lacerda, A. E., D. Rampe, and A. M. Brown. 1988. Effects of protein kinase
C activators on cardiac Ca channels. Nature. 335:249-251.
Liebmann, J. E., J. A. Cook, C. Lipschultz, D. Teague, J. Fisher, and J. B.
Mitchell. 1993. Cytotoxic studies of paclitaxel (Taxol) in human tumor
cell lines. Br. J. Cancer. 68:1104-1109.
Lux, H. D., and A. M. Brown. 1984. Single channel analysis on inactivation
of Ca channels. Science. 225:432-434.
Mazzanti, M., and L. J. DeFelice 1990. Ca channel gating during cardiac
action potentials. Biophys. J. 58:1059-1065.
Mazzanti, M., L. J. DeFelice, and Y.-M. Liu. 1991. Gating of L-type Ca
channels in embryonic chick ventricle cells: dependence on voltage, cur-
rent and channel density. J. Physiol. 443:307-334.
Ono, K., and H. Fozzard. 1992. Phosphorylation restores activity of L-type
Ca channels after rundown in inside-out patches from rabbit cardiac cells.
J. Physiol. 454:673-688.
Ono, K., and H. Fozzard. 1993. Two phosphatase sites on the Ca channel
affecting different kinetic functions. J. Physiol. 470:73-84.
Racker, E., L.-T. Wu, and D. Westcott. 1986. Use of slow Ca channel
blockers to enhance inhibition by taxol of growth of drug-sensitive and
-resistant Chinese hamster ovary cells. Cancer Treat. Rep. 70:275-278.
Rasenick, M. M., P. J. Stein, and M. W. Bitensky. 1981. The regulatory
subunit of adenylate cyclase interacts with cytoskeletal components.
Nature. 294:560-562.
Reuter, H. 1983. Ca channel modulation by neurotransmitters, enzymes and
drugs. Nature. 301:569-574.
Risso, S., and L. J. DeFelice. 1993. Ca channel kinetics during the spon-
taneous heart beat in embryonic chick ventricle cells. Biophys. J. 65:
1006-1018.
Rosenburg, R. L., P. Hess, and R. W. Tsien. 1988. Cardiac Ca channels in
planar lipid bilayers. J. Gen. Physiol. 92:27-54.
Shirokov, R., R. Levis, N. Shirokova, and E. Rios. 1993. Ca-dependent
inactivation of cardiac L-type Ca channels does not affect their voltage
sensor. J. Gen. Physiol. 102:1005-1030.
Standen, N. B., and P. R. Stanfield. 1982. A binding-site model for Ca
channel inactivation that depends on Ca entry. Proc. R. Soc. Lond. B.
217:101-110.
Trautwein, W. 1984. Beta-adrenergic increase in the calcium conductance
of cardiac myocytes studied with the patch clamp. Pflugers Arch. 401:
111-118.
Trautwein, W., and D. Pelzer. 1985. Voltage-dependent gating of single Ca
channels in the cardiac cell membrane and its modulation by drugs. In
Calcium Physiology. D. Marme', editor. Springer Verlag, Berlin. 53-93.
Wiemik, P. H., E. L. Schwartz, and A. Einzig. 1987. Phase I trial of taxol
given as a 24 hour infusion every 21 days: responses observed in meta-
static melanoma. J. Clin. Oncol. 5:1232-1239.
Yue, D. T., S. Herzig, and E. Marban. 1990. ,3-adrenergic stimulation of
calcium channels occurs by potentiation of high-activity gating modes.
Proc. Natl. Acad. Sci. USA. 87:753-757.
Yue, D. T., P. H. Backx, and J. P. Imredy. 1990. Ca-sensitive inactivation
in the gating of single Ca channels. Science. 250:1735-1738.
